Distinct brain regions process sensory discriminative and affective components of pain; however, the role of these areas in pain memory is unknown. This event-related study investigated the short-term memory for sensory features of cutaneous heat pain using a delayeddiscrimination paradigm and functional magnetic resonance imaging. During memory trials, subjects discriminated the location and intensity of two painful stimuli presented sequentially to the right hand. Control trials comprised the same sequence of stimuli and motor responses but required no delayed discrimination. Stimulus-evoked activity for memory and control trials was generally indistinguishable within the network of regions normally responsive to experimental pain [i.e., the primary somatosensory cortex/posterior parietal cortex (SI/PPC), secondary somatosensory cortex (SII), and anterior insular cortex (aIC)]; these data confirm the painful nature of the stimuli and the similar levels of attention and stimulus encoding engaged during the two randomly presented trial types. Memoryspecific activity, assessed by contrasting the interstimulus interval in memory and control trials, was observed in SI/PPC and aIC but not in SII. We propose that SI/PPC plays a role in the short-term retention of spatial and intensity aspects of noxious stimuli and that aIC activation during memory trials is consistent with the integration of sensory and cognitive (attention, awareness, salience, and memory) components of pain perception. The absence of memory-specific anterior cingulate cortex activation, generally associated with pain unpleasantness, suggests that remembering affective aspects of the stimuli was not required during performance of the sensory delayeddiscrimination task.
Introduction
The remembered experience of pain corresponds to a persisting mental representation of a previous exposure to noxious stimulation. As such, this pain memory is at the heart of a broad spectrum of theories that includes the shaping of subsequent perception and behavior (e.g., in pain anticipation) (Taddio et al., 1995; Porro et al., 2002; Koyama et al., 2005) , recognition of pain in others (Singer et al., 2004) , and the transformation of acute peripheral injury to centralized chronic pain (Woolf and Salter, 2000) . Common to these theoretical perspectives is the notion that pain memory relies on neural networks involved in pain experiences that are activated in the absence of the physical application of a noxious stimulus.
The conscious experience of pain is a consequence of complex interactions among distinct brain regions, which appear to preferentially process sensory-discriminative and affective aspects of the noxious stimulation. Previous studies examining painrelated activation in the brain have consistently found that, under normal conditions, several cortical structures, including primary and secondary somatosensory areas (SI and SII), the insular cortex (IC), and the anterior cingulate cortex (ACC), display levels of activation that parallel the intensity of the stimulus and the intensity of pain perceived (Porro et al., 1998; Coghill et al., 2001 Coghill et al., , 2003 . In addition, we and others have shown that some of these areas, such as the ACC and possibly part of the insula, appear to be more strongly associated with the affective dimension of pain (Rainville et al., 1997; Coghill et al., 2003; Wager et al., 2004) , findings that do not preclude a role for these structures in the coding of intensity, because the perception of pain intensity and affect are often highly correlated (Rainville et al., 1992) . The role of these various brain areas in pain memory is still uncertain.
Human and animal studies have suggested that the short-term memory of nonpainful sensory information involves both prefrontal areas and cortical regions that subserve the initial sensory processing of those stimuli (Pasternak and Greenlee, 2005) ; however, no studies have yet explored the cerebral areas selectively involved in the explicit, conscious memory of the sensory aspects of pain. In contrast, memory of the affective aspect of pain has been proposed as a critical element in the expression of pain empathy (Preston and de Waal, 2002) , an idea supported by recent studies showing that visual cues signaling pain in others or images representing painful situations most commonly activate the ACC (Morrison et al., 2004; Singer et al., 2004; Jackson et al., 2005) . However, considering the highly correlated nature of pain intensity and pain affect, each of the structures showing painrelated activation, including SI, SII, the IC, and the ACC, is a potential candidate to contribute to the short-term memory for sensory features of a pain stimulus. In the present study, we specifically investigated the neural correlates of short-term memory for the sensory aspects of pain, focusing on spatial and intensity features of brief heat-pain stimuli.
Materials and Methods
Subjects. Eight right-handed normal volunteers (four females and four males; mean age, 34 years; SD, 9.3) were recruited for a pain and memory functional magnetic resonance imaging (fMRI) study. Before the scanning sessions, we established the pain threshold for each subject, and all subjects were familiarized with the stimuli and the experimental design. The Research Ethics Board of the Montreal Neurological Institute and Hospital approved the study. All subjects gave written informed consent and were financially compensated for their time commitment to this study.
Stimuli. Thermal stimuli (47.5-53°C for heat pain) were delivered by two contact thermodes (TSA Peltier device, 9 cm 2 ; Medoc Advanced Medical Systems, Ramat Yishai, Israel) placed on the thenar and hypothenar eminences of the subjects' right hand. On each discrimination trial, the two stimuli were presented sequentially to the two stimulation sites, the order of which was counterbalanced and pseudo-randomized across trials. The differences in intensity (⌬Ts) of the two stimulus presentations ranged from 0.1 to 1.5°C and were, likewise, counterbalanced and pseudo-randomized across trials. The magnitude of ⌬Ts was chosen to ensure task difficulty and minimize the subjects' tendency to categorize sensory characteristics of the noxious stimuli. Specific temperatures presented to individual subjects during individual runs were adapted to the perception of the subject, to maintain a (post-run) rating of moderate pain.
Experimental paradigm. The delayed-discrimination task ( Fig. 1 ) evolved from a series of psychophysical tasks specifically designed to study the memory of pain sensation intensity (Rainville et al., 2004) . At the beginning of each trial, subjects viewed a written cue on the monitor (4 s duration) indicating whether the following trial was a memory or a control trial ("memory trial" or "offset trial", respectively). After the cue, a first heat stimulus (6 s duration, 4 s plateau) was delivered to one of the two locations on the right hand, followed by an interstimulus interval (ISI; delay 1) of 6, 8, or 10 s and a second stimulus (6 s duration, 4 s plateau) delivered to the other stimulation site. A second delay (delay 2) of 6 s separated the stimulation period from the response period. In memory trials, subjects were directed by a prompt on the monitor (4 s duration) to indicate the location of the stronger (or weaker) stimulus ("which stimulus greater?" or "which stimulus less?"). These response prompts were presented in a pseudorandom manner (1:1) among memory trials to ensure that subjects could not prepare their specific sensorimotor decision and motor response before the end of delay 2. Subjects responded by tapping on an fMRI-compatible mouse button (left hand: digit 2, thenar stimulation; digit 3, hypothenar stimulation) until the discrimination question disappeared from the screen. In the control trials, subjects were similarly instructed either to tap "digit 2" or "digit 3" of the left hand on the appropriate mouse button for the 4 s response period. (This 4 s left hand tapping at the end of the trial was designed to produce a robust motor activation, which could be used as a standard of comparison for pain-related activation evoked by the noxious stimuli presented to the opposite hand during the stimulation period of the trial). Each trial ended with 4 s post-response and baseline periods, the latter being used as a basis for comparison during the analysis of stimulus-and memory-related activity.
The control trials were comparable to the memory trials with respect to visual and thermal stimuli, as well as motor responses, except that control trials did not require subjects to perform any sensory discrimination between the pairs of stimuli. To standardize and maximize attention to the entire duration of the stimulus presentations during both memory and control trials, subjects were required to detect the termination (offset) of each thermal stimulus and respond by producing a single tap of the mouse with their left hand.
fMRI acquisition. Cerebral activity associated with perception, encoding, or retention of the heat-pain stimuli was measured with fMRI. We acquired the imaging data at the McConnell Brain Imaging Center of the Montreal Neurological Institute at McGill University on a 1.5T Siemens (Munich, Germany) Sonata scanner using a standard head coil. The MR technician fixed the head of each subject in a comfortable position and immobilized it with a vacuum bag. Subjects were instructed to refrain as much as possible from moving throughout the imaging session and were given earplugs to reduce the noise from the scanner. Subjects could see a computer monitor projected on a screen viewed via a mirror placed in front of the subject's eyes. Subjects were also given an MR-compatible mouse to perform the discrimination task. Each session consisted of an anatomical scan and three to six functional runs. The anatomical scans were T1-weighted high-resolution scans [repetition time (TR), 22 ms; echo time (TE), 20 ms; flip angle, 30°; field of view, 256 mm; 1 mm isotropic sampling]. The functional scans were collected using a blood oxygen level-dependent (BOLD) protocol with a T2*-weighted gradient echo-planar imaging sequence (TR, 2.0 s; TE, 51 ms; flip angle, 90°; 64 ϫ 64 matrix; 253 volume acquisitions). The scanning planes were oriented parallel to the anterior commissure-posterior commissure line and covered part of the brain from the top of the cortex to the base of the thalamus (23 contiguous 5-mm-thick slices; voxel size, 5 ϫ 5 ϫ 5 mm).
Data analysis. Functional data and anatomical images were analyzed using Brain Voyager QX (Brain Innovation, Maastricht, The Netherlands). Functional images were preprocessed (interscan slice time correction, three-dimensional motion correction, high-pass filtering), interpolated to 1 ϫ 1 ϫ 1 mm 3 , and coregistered to three-dimensional anatomical images. The major thrust of this study was to test for possible evidence of short-term memory-related processes within regions of the brain that are initially responsive to the sensory-discriminative aspects of pain. Thus, the first step in our analysis process was to establish an appropriate region of interest (ROI) for this directed search. To define this pain-processing ROI, we performed a contrast between activation evoked by the first noxious stimulus (STIM1) delivered in each trial and the baseline period that separated the trials (Fig. 1 , the final period of each trial). Both experimental and control trials were included in this analysis to ensure a robust stimulus-evoked response and hence a relatively inclusive ROI; activation evoked during the second noxious stimulus was not used to form this stimulus-related mask, because responses during this period were more likely to include memory-and/or discrimination-related processes, in addition to those directly related to pain. To minimize extraneous activation during this period, which might be less likely to have been directly related to the noxious stimuli, this search for stimulusrelated activation was restricted to regions of the brain that are generally associated with pain processing (Apkarian et al., 2005) : bilateral regions of the postcentral gyrus, superior parietal lobule, cingulate region, insula, inferior and middle frontal gyri (search volume, 240 -273 mm 3 ). Activation evoked by the noxious stimuli, as revealed by this contrast, was thus used as an objective definition of the pain-processing ROI (Table 1) . Boundaries for this ROI were automatically determined by the strict statistical criterion of p ϭ 0.05 (t ϭ 4.07), random-effect general linear model (GLM), Bonferroni-corrected for multiple comparisons [using stat-threshold (http://www.math.mcgill.ca/keith/fmristat/)] within the cerebral volume of pain responsiveness established previously (Apkarian et al., 2005) . Thus, using these criteria, the pain ROI used in our initial search for short-term memory associated with noxious stimuli included bilateral regions of the SI/posterior parietal cortex (SI/PPC), SII, and IC. Although areas of activation were also observed bilaterally in the ACC, a region frequently associated with pain affect, these failed to reach the threshold of significance established for our ROI, perhaps reflecting the strong emphasis placed on subjects' attention toward sensorydiscriminative aspects of the noxious stimuli.
A secondary objective was to identify brain regions involved in memory and discrimination, outside the network of pain processing, for which we performed a whole-brain random-effect analysis, with results described for activation reaching a significance of p ϭ 0.05 (t ϭ 4.7), random-effect GLM, corrected for multiple comparisons within the more inclusive, unmasked whole-brain volume, as described above.
For confirmation of activation sites in an individual subject, a fixedeffect GLM was computed, and statistical thresholds were established at p ϭ 0.05, corrected for the appropriate search volume, as described above. Coordinates of loci of activation are given in Talairach space (Talairach and Tournoux, 1988 ).
All statistical contrasts conducted for the group analyses were performed using a random-effect GLM (Friston et al., 1999) , and results were corrected for multiple comparisons for the specific search volume, as indicated above. Each distinct period within a trial that contained a stimulus, behavioral, or response event was declared as a regressor; the instruction cue period, ISIs, and baseline and post-response periods were, likewise, defined as regressors, and each event was further subcategorized according to trial type (experimental or control). Contrasts for stimulus-related or memory-related effects compared separately for each of the conditions (experimental and control) the appropriate stimulus or interstimulus "memory" regressor to the baseline regressor, which occurred at the end of the trial; all other regressors that are not part of the contrast are automatically entered as covariates of no interest in the analysis. This approach thus minimizes the influence of other events that are not directly compared with the GLM. Contrasts for memory-specific effects compared experimental and control trials for the appropriate regressor.
In summary, the strategy of the analysis was conceived to avoid any potential confounds of long-term memory and learning. All analyses are averaged across the full experimental session and thus do not represent any learning-related changes in perception that might occur across the different experimental runs within a session. Likewise, time course data are averaged across all trials and all sessions and thus do not show any trial-to-trial changes in perception.
Results

Behavioral results
During both memory and control tasks, all subjects described the noxious heat stimuli as painful but tolerable. Likewise, the reaction time to detect the offset of the noxious stimuli did not differ significantly between the experimental memory (3134 ms) and control (3143 ms) conditions (F ϭ 0.011; p ϭ 0.916) nor between the first (3153 ms) and second (3123 ms) presentations of the stimulus in each trial (F ϭ 0.008; p ϭ 0.927). These behavioral results confirm that the subjects' perceptions were consistent with the experience of painful heat and that the subjects engaged in similar levels of attention directed toward each of the two noxious stimuli presented within the two tasks. The subjects' performance in making spatial-intensity discriminations between the pairs of stimuli in each trial was uniformly low (mean, 59%; SE, 9%) and did not vary in a reliable manner with the variable size of ⌬T. Our failure to show a correlation between performance and ⌬T reflects the difficulty of the psychophysical task, which was designed to minimize the subjects' tendency to categorize the intensity of the stimuli. In addition, comparisons between two thermodes (which may have slightly different stimulation characteristics) as well as comparisons between two different stimulus locations (which may, likewise, have different perceptual characteristics) might also have contributed to the inherent difficulty of the task. However, this situation did not appear to disturb subjects or interfere with their concentration on the task, because there was no presentation of feedback, which could have created a discrepancy between the stimulus characteristics and the subjects' perception of those characteristics.
Stimulus-related activity
The pain ROI described in Materials and Methods was defined using the most robust comparison available in this study: the initial noxious stimulus (STIM1) versus baseline, averaged across all trials, including both experimental (memory task) and control. Separate analyses of experimental trials and control trials, comparing STIM1 versus baseline, likewise demonstrated significant (or near-significant) activation in most of these regions within the pain ROI (Table 2) , despite the reduced number of noxious stimuli included within each analysis. A direct compar- To assess memory-related processes within areas activated by noxious stimuli, a stimulus-specific ROI mask was established based on the responses evoked by the first noxious heat stimulus (STIM1; data averaged across all trials and all subjects, including both control trials and experimental memory trials). The search for stimulus-related activation was narrowed to include only the cerebral regions commonly reported in studies of experimental pain (Apkarian et al., 2005) ; thus, the threshold t value for the search volume of common pain regions is 4.07 (randomeffects GLM), which is equivalent to p ϭ 0.05, corrected for multiple comparisons within the 2074 voxels of the common pain network. Coordinates are given in Talairach space (Talairach and Tournoux, 1988) . Lateral (x), anterior (y), and superior (z) stereotaxic coordinates (in millimeters) are relative to midline, anterior commissure, and commissural line, respectively (positive values are right, anterior, and superior). Left-side activation is contralateral to the presentation of noxious stimuli. BA, Brodmann area; t values in bold correspond to a p value of Յ0.05.
ison of the experimental and control trials for activation during the STIM1 period, demonstrated that responses to the noxious stimulation during these two conditions was remarkably similar, with the single exception of the contralateral (left) IC, which was significantly more responsive to noxious stimuli presented during the experimental memory condition ( Table 2) . Analyses of data recorded during presentation of the second noxious stimulus (STIM2) of each trial demonstrated somewhat stronger levels of activation within the pain ROI during both experimental and control conditions ( Table 3 ) compared with that observed for STIM1, and, as was observed during STIM1, stimulus-related responses within the pain ROI during STIM2 were very similar for the two conditions, except for the left contralateral anterior IC (aIC), where the activation during experimental trials was significantly stronger than those of the control condition. For stimulus-related activity detailed in Tables 2 and 3 , as well as for memory-related activation described below, we have classified parietal regions of activation as "SI/PPC," to reflect the spatial variability of activation sites observed in this group of subjects. In assessing the actual location of stimulus-related activation sites in parietal cortex, functional data associated with each subject were examined relative to his own specific parietal landmarks using the high-resolution anatomical MRI recorded for each subject (Table 4) . Four of the eight subjects exhibited detectable activation within the postcentral gyrus (SI), parietal activation from two subjects appeared at the border between SI and the inferior parietal lobe, and activity from the remaining two subjects was either posterior or inferior to SI proper. Thus, although the majority of subjects exhibited stimulus-and memoryrelated activation in the general region of SI, we indicate this more inclusively as SI/PPC.
Together, the stimulus-related activation, within the generally acknowledged pain network, is consistent with the subjects' description of the noxious stimuli as painful. These data also serve as a validation for the perceptual demands of the control trials, in that subjects appear to have perceived and processed the noxious stimuli similarly in both tasks, independent of differences in cognitive strategies evoked by task-specific instruction cues that preceded each trial.
Memory-related activity
To elucidate pain-processing areas potentially involved in the short-term memory of painful sensations, activity within the pain ROI, recorded during the ISI, was analyzed for both the experimental memory trials and the control trials. Figure 2 and Table 5 illustrate the highly significant activation (averaged across all subjects) that was observed during both tasks during the ISI compared with the resting baseline activity. All regions within the pain ROI, which had shown significant STIM1-related activation Activity levels during the first and second (see Table 3 ) noxious thermal stimulus periods were first analyzed separately for experimental (delayed-discrimination, memory task) and control trials and then directly compared between these two conditions. A t statistic of 3.70 (random-effects GLM) is equivalent to p ϭ 0.05, corrected for multiple comparisons within the stimulus-specific mask of pain-related activation demonstrated in the current study (467 voxels); t values in bold correspond to a p value of Յ0.05. Within the network of brain areas normally responsive to pain (Apkarian et al., 2005) , activation during the presentation of the first stimulus was generally robust; however, direct comparisons of these responses between experimental (memory) and control trials revealed no significant activation specific to the memory task, with the exception of the contralateral IC, which was significantly more active during the presentation of stimulus 1 in the experimental trials, in which subjects were required to encode and compare the sensory features of the stimuli. Activity levels during the second noxious thermal stimulus period were analyzed as described in Table 2 . Within the network of brain areas normally responsive to pain (Apkarian et al., 2005) , activation during the presentation of the second stimulus was especially robust. However, as indicated for STIM1 responses in Table 2 , direct comparison of experimental (memory) and control trials revealed no significant activation specific to the memory task, with the exception of the contralateral IC. Data are memory-specific activity during the delay period (ISI) obtained from the direct subtraction of control from experimental (delayed-discrimination, memory task) trials in individual subjects. The anatomical determination of the activation sites was made from a careful examination of the data associated with each subject, relative to his/her own specific parietal anatomy. IPL, Inferior parietal lobule.
( Table 2) , demonstrated even stronger levels of activity after those stimuli were terminated, during the delay that preceded the second stimulus (Table 5) . However, activation that was specific to the memory requirements of the experimental trials was observed in only a subset of these regions. A direct contrast of experimental and control trials for ISI activation revealed significant memoryspecific activation in contralateral SI/PPC and in bilateral aIC (Fig. 2) ; memoryspecific activity in ipsilateral SI/PPC showed a trend toward significance (Table  5 ) (t ϭ 3.45 compared with the threshold of t ϭ 3.7) in this comparison of experimental and control trials. Memoryspecific activation was also observed in a second region within the ipsilateral aIC at its border with the inferior frontal gyrus, an area that had been defined within the pain ROI (Table 5 ). In contrast, we could not detect even a trend toward memoryrelated modulation of activity in SII (Fig.  2 , Table 5 ) (t Ն 1.59; p ϭ 1, corrected for multiple comparisons).
Comparison of the time-course data, averaged across all subjects for the two tasks, illustrates the significantly enhanced BOLD signal recorded in the regions of activation within SI/PPC and aIC during the memory trials, compared with that of the control trials, beginning with the onset of the interstimulus memory period following the initial noxious stimulus (Fig.  3) . Although activity recorded during the control trials dropped to near-baseline levels before the second noxious stimulus, activation during memory trials remained at an enhanced level in all four of these brain regions until the subjects made their final discrimination response.
Discrimination-related activity
The delayed discrimination task, used in the experimental trials, required subjects to remember sensory aspects of the first noxious stimulus for the duration of the interstimulus delay, and thus activity during the delay is directly associated with short-term memory of the pain stimulus, as we have presented above. Also, inherent to this task is an active comparison and ultimate discrimination of the two stimuli, a process that begins with the onset of STIM2 (Oshiro et al., 2006) . One would hypothesize that any potential discrimination-related activity that might occur within the pain-processing areas would be revealed by a comparison of responses recorded during experimental and control trials for activation that was specific to the STIM2 period. The possibility of this additional discriminative process, during the presentation of STIM2, led to our exclusion of STIM2 activity from the formulation of the pain ROI, in which we wanted to maximize stimulus-related (as opposed to cognitive) activation. A comparison of the results illustrated in Tables 2 and 3 support the hypothesis that some additional process, or modulation of activity, may occur during STIM2, because activation appears stronger during STIM2 than during STIM1 when analyzed relative to the resting baseline activity. A direct comparison of activation levels observed during the two stimulation periods is presented in Table  6 , confirming in both experimental and control trials the significantly stronger activation during STIM2 in most regions within the pain ROI (activation during control trials within right SI/PPC and right SII shows strong trends but fails to reach the significance threshold of t ϭ 3.7). However, this increased activity in the pain ROI during STIM2 is not convincingly specific to the discrimination process itself, because the effect was also observed during control trials, when subjects were not required to discriminate the pairs of stimuli. Thus, no significant differences between experimental memory/discrimination trials and control trials were observed in the enhanced STIM2 activity within the pain ROI.
A global search of the entire brain, for evidence of discrimination-related activity that might occur outside the network of pain-responsive regions, revealed activation within the left ventrolateral prefrontal cortex (VLPFC) that was significantly stronger during the STIM2 period compared with that of the Figure 2. Cortical regions significantly activated during the ISI between the pairs of stimuli in both the memory and control trials and memory-specific activation observed within pain-related sites. Delay-related activation, assessed by contrasting the BOLD responses associated with the delay and the baseline, was similar for both experimental and control trials in bilateral SI/PPC, SII, and aIC (illustrations are focused on BOLD responses exceeding a significance level of p Ͻ 0.001, corrected for multiple comparisons). Memory-specific activation observed within these pain-related areas, resulting from a contrast of experimental and control trials, was observed in contralateral SI/PPC and bilateral aIC (data illustrated with a threshold of p Ͻ 0.05, corrected for multiple comparisons). No trends toward memory-specific activation were seen within SII.
STIM1 period. This effect was extremely robust for experimental trials (Table 6 ) (t ϭ 11.49) and significantly greater than that observed during control trials (Table 6 ) (t ϭ 5.47), suggesting a process specific to the task of discriminating the two stimuli.
Global analyses
To test for the occurrence of memory-and/or discriminationspecific activation outside of the regions initially responsive to the noxious stimulation, we performed a GLM analysis of the entire brain comparing activation observed during experimental trials with that observed during the control trials. Table 7 tabulates these results using a conservative threshold appropriate for this nondirected search (t ϭ 4.7, corrected for multiple comparisons across the entire brain volume). In the left thalamus and right aIC/inferior frontal gyrus, significant memory-specific activation was observed during the delay between noxious stimuli but not during the presentation of those stimuli. In the ACC, we had observed a slight trend toward pain-related activation during presentation of the first stimulus (Table 1 ) (t Ͻ 2.5), but no significant differences were observed in the ACC between experimental and control trials, except in the left ACC during presentation of the second stimulus (Table 7 ) (t ϭ 8.82). In the right pre-supplementary motor area (pre-SMA) and bilateral VLPFC, activation was significantly greater in the experimental trials, compared with the control trials, during the delay between the two noxious stimuli; this enhancement of task-related activity continued throughout presentation of the second noxious stimulus, although neither of these regions had responded significantly to the initial presentation of the noxious stimuli.
Discussion
The present study investigated the shortterm memory of pain sensation in the human brain. Within the cerebral network of regions known to be responsive to noxious stimulation, we found a significant memory-specific enhancement of fMRI activity in contralateral SI/PPC and bilateral aIC during the intertrial interval of a nociceptive spatial/intensity discrimination task. These parietal and insular regions of memory-specific activation were also responsive to the noxious stimuli presented during both experimental and control tasks and have been shown previously to be associated with sensory-discriminative aspects of noxious and/or innocuous thermal perception. Although no other studies have examined the specific somatosensory processes involved in the short-term memory of pain, several have described neuronal correlates of short-term memory for innocuous cutaneous stimuli, but their results have been conflicting. Consistent with our findings are those of a single-unit recording study, which demonstrated significant activation in monkey SI during the ISI of a delayed texture discrimination task (Zhou and Fuster, 1996; Bodner et al., 2005) . It has also been shown in human subjects that transcranial magnetic stimulation (TMS) over SI during the ISI between two vibrotactile stimuli interfered with a delayed spatial discrimination (Harris et al., 2002) , suggesting that human SI is a transient storage site for sensory aspects of innocuous vibrotactile stimuli. Likewise, in a recent fMRI study of normal human volunteers, Preuschhof et al. (2006) observed enhanced SI activation during a short delay between innocuous vibrotactile stimuli presented in a memory task. How- Activity during the delay period (ISI) was first analyzed separately for experimental (delayed-discrimination, memory task) and control trials and then directly compared between the two conditions. Analyses are restricted to the ROI defined by stimulus-specific pain-related activity evoked by stimulus 1, with significance thresholds as described in Tables 2 and 3 . Memory-specific activation during the delay period was observed in several regions of the pain-responsive ROI; however, the perisylvian regions (including SII), which were robustly active during presentation of the two stimuli, did not show significant memory-specific activation during the interstimulus delay between the two stimuli. IFG, Inferior frontal gyrus. t values in bold correspond to a p value of Յ0.05. Figure 3 . Mean time course of the memory-specific percentage BOLD signal from the group average observed during the course of experimental and control trials, synchronized on the start of each trial. In all cases illustrated, the BOLD signal increase observed during the ISI is significantly higher during experimental memory trials compared with that observed during the same interval of the control trials. Time 0 is the onset of the trial; the red box illustrates the expected time period of peak BOLD responses associated with the ISI, after taking into consideration the delay of the hemodynamic response function.
ever, results of these studies remain inconclusive: ISI "memoryrelated" activity in monkey SI did not actually encode information specific to the remembered target stimulus (Bodner et al., 2005) ; TMS-related interference in a discrimination task may be related to generalized corticocortical effects of the stimulation, rather than to a direct, specific effect on SI; and Preuschhof et al. (2006) only observed the enhanced activation in SI during the first 100 ms of the ISI memory period, not during longer 4 s ISIs. In our present study, the limited sensitivity of the fMRI methods and anatomical variability of our subjects do not permit us to restrict our conclusions to SI proper or to distinguish between possible stimulus-specific differences in either the intensity or the location of memory-related activation. Future studies with greater sensitivity may be able to address this issue.
The memory-related responses that we observed extending into the PPC (left PPC, contralateral to the noxious stimulation: t ϭ 4.87, p Ͻ 0.05; right ipsilateral PPC: t ϭ 3.45; p ϭ 0.13) are consistent with the recognized role of these structures in modulating both noxious and innocuous input by cognitive variables, including attention and memory (Apkarian et al., 2005) . The right PPC has been implicated in the process of orienting attention toward somatosensory stimuli and appears to be responsive to cutaneous stimuli delivered to either side of the body (Coghill et al., 2001) . Here, activation of the PPC may reflect the critical attention toward the spatial information required to perform the memory task.
Our observation of robust ipsilateral sites of stimulus-related activation within SI/PPC (Tables 1-3 ) may appear surprising, considering traditional views regarding the predominant representation of a contralateral body topography within the primary somatosensory cortex. However, converging evidence from lesion studies, intracranial recordings, and fMRI results is consistent with activation of SI ipsilateral to the presentation of an innocuous cutaneous stimulus to the hand (for review, see Sutherland, 2006) . Likewise, several recent fMRI studies using experimental noxious stimuli also suggest an ipsilateral or bilateral activation of SI associated with painful stimulation of the hand (Bornhovd et al., 2002; Bingel et al., 2004) .
The absence, in our data, of any activity indicating a role for SII in pain memory contrasts with results of Romo and colleagues (Salinas et al., 2000) , who reported memory-related activity in monkey SII during the interval between two innocuous vibrotactile stimuli; however, those monkeys were trained to discriminate the frequency of vibrotactile stimuli presented to a single spot of skin, whereas our subjects were required to remember the spatial location of different noxious pain stimuli, a task we designed to engage more specifically the functional capacity associated with the fine somatotopic organization found in SI. In agreement with our data are the results of Preuschhof et al. (2006) , which, likewise, show no indication in human subjects of SII involvement in maintaining a vibrotactile memory trace.
Analysis of the memory delay period also revealed significant activation in anterior insula bilaterally, but with a considerably stronger response on the ipsilateral right side (Table 5 ). The aIC is part of the limbic system and is sometimes implicated in the perception and processing of affective aspects of pain (Bushnell et Data from the period of the second stimulus are analyzed and compared with those of the first stimulus (STIM1) for experimental and control trials. During stimulus 1 of experimental trials, subjects attended to sensory qualities of the noxious stimulation and registered those features in memory to make a subsequent discrimination; during stimulus 2 of the experimental trials, subjects likewise attended to the noxious stimuli and initiated the discrimination process, comparing the current sensation with that remembered from the first stimulation period. Activity within stimulus-related regions was, in general, significantly greater during the second stimulation period compared with that observed during the first stimulation period. However, this enhanced responsiveness to stimulus 2 within stimulus-related regions is not convincingly specific to the discrimination process itself, because the effect was also observed during control trials, when subjects were not required to discriminate the pairs of stimuli. Analyses are restricted to the previously described stimulus-specific ROI, with a significance threshold of t ϭ 3.70, p ϭ 0.05, as described in Tables 2 and 3 . t values in bold correspond to a p value of Յ0.05. Data from the period of the second stimulus were also analyzed and compared with those of the first stimulus for experimental and control trials after performing a global search of the entire brain. The threshold for significance was t ϭ 4.70, p ϭ 0.05. In addition to activation areas observed during directed searches within the stimulus-related ROI, a number of other regions were noted with significant activity specific to encoding of sensory features of stimulus 1 (STIM1 period, experimental vs control trials), short-term memory (delay period, experimental vs control trials), or discrimination ͓stimulus 2 (STIM2) period, experimental vs control trials͔ of the noxious thermal stimuli ͓random-effects GLM analyses, global search of entire brain volume (threshold of significance, t ϭ 4.7; p ϭ 0.05, corrected for multiple comparisons)͔. Stereotaxic coordinates are given in Talairach space (Talairach and Tournoux, 1988 al. Brooks et al., 2005) and in the recognition of acute pain in others (Singer et al., 2004; Jackson et al., 2005) . However, it has also been associated with sensory-discriminative encoding of innocuous cutaneous stimuli, such as the perception of coolness (Craig et al., 2000) or warmth (Olausson et al., 2005) , during tasks essentially devoid of negative affect. Our paradigm does not allow us to distinguish whether the sensory or the affective aspects of the remembered painful stimulus mediate the memoryspecific activation of aIC; however, memory of the possible differences in affective aspects of the heat-pain stimuli would not have provided sufficient information to perform the spatialdiscrimination task. Regardless, the aIC is well situated to participate in cognitive and memory-related aspects of pain perception, considering its direct anatomical connections with the prefrontal cortex (Apkarian et al., 2005) . This interpretation is consistent with the findings of Downar et al. (2000 Downar et al. ( , 2002 , which demonstrated that the right aIC is part of a cortical network subserving cognitive processes such as attention and detection of salient sensory (visual, auditory, and tactile) stimuli. In addition, anatomical studies in the macaque have linked aIC to short-term memory processes and have suggested that the aIC relays sensory information from SI and SII to the frontal cortex for short-term retention (Mesulam and Mufson, 1982) and to the temporal lobe for long-term encoding of tactile information (Friedman et al., 1986; Burton and Sinclair, 2000) . In addition to memory-related activation observed within the network of areas activated by the initial noxious stimulus, a global search of the entire brain revealed other areas that that were not initially responsive to the noxious stimuli but that nevertheless appear to participate in memory and discrimination processes during later stages of the experimental trials. A comparison of experimental and control trials revealed significant activation within bilateral mid-VLPFC and right pre-SMA that began after the termination of the initial stimulus and continued throughout the ISI and presentation of the second stimulus. This memoryand discrimination-specific activation is consistent with many previous studies demonstrating a role for the frontal lobes in working memory for innocuous cutaneous stimuli (Romo et al., 1999; Romo and Salinas, 2003) , verbal material (Owen et al., 2005) , and more generally in the active comparison and retrieval of information in both short-and long-term memory (Petrides, 2005) . Activation in pre-SMA has been observed in vibrotactile short-term memory tasks in both monkey single-unit recordings (Romo and Salinas, 2003) and human fMRI studies (Preuschhof et al., 2006) . In our present study, the pre-SMA activity during memory and discrimination periods of the trial only occurred on the right side contralateral to the hand that tapped the response key at the end of each trial. We had designed the experimental paradigm with pseudo-randomized response instructions that came only at the end of the trial, to minimize or delay any transfer of sensory memory to the planning of a specific motor response; however, because the final instruction was limited to only four possible combinations of stimulus location and appropriate response key, activation of this pre-SMA region is consistent with its proposed role in complex cognitive aspects of sensory-motor integration and the recall of motor memories (Romo and Salinas, 2003) .
Our observation of the ISI-specific activation in VLPFC, an area acknowledged for its important role in memory, suggests that memory for spatial and intensity features of the noxious stimuli is also the most plausible explanation for activation seen during this period within the more posterior, sensory areas of the cortex. Alternatively, one might suggest that increased attention, arousal, and anticipation during the memory task could account for the modulation of activity observed between the presentation of the two noxious stimuli, because these cognitive factors can significantly modulate the BOLD response in the network of brain areas involved in pain perception (Porro et al., 2002; Koyama et al., 2005) , including ACC (Mohr et al., 2005) . However, in the present study, levels of attention, arousal, and anticipation were comparable in the memory and control tasks, as demonstrated by similarities in the subjects' responses to the detection of stimulus offset, which was common to the two tasks. Likewise, cerebral activation associated with the stimulus period was generally indistinguishable for the memory and control tasks. Thus, by subtracting the activation levels associated with the ISI in the control trials from the homologous period in the memory trials, we removed from the activation maps the contribution of the arousal induced by the previous stimulus as well as the expectation of the second stimulus. The only factors remaining after this subtraction should have been the necessity, during the memory task, to retain information related to the sensory features of the first noxious stimulus.
We did not observe any significant activation in ACC related to the short-term memory of the noxious stimuli during the ISI; the strongest trend toward activation was observed only at a p value threshold of 0.5 (t ϭ 3.87). The ACC is a limbic region involved in the processing of pain affect (Rainville et al., 1997; Singer et al., 2004; Apkarian et al., 2005) . In our study, subjects perceived both the sensory (location and intensity) and affective (unpleasantness) aspects of the heat-pain stimuli and may have used the unpleasantness of the stimulus to encode its intensity. However, the absence of memory-specific activation in ACC suggests that subjects did not hold the affective aspect of the stimuli in memory, probably because that information would not have been sufficient to perform the delayed-discrimination paradigm.
We have shown that an increase in activation of the SI and aIC is associated with both the presentation of painful stimuli and the short ISI that separated painful stimuli in a spatial-intensity discrimination task. Previous studies have suggested a role for those structures in the sensory dimension of noxious and/or innocuous thermal stimuli (Bushnell et al., 1999; Hofbauer et al., 2001; Brooks et al., 2005; Olausson et al., 2005) , and our data now indicate their importance in retaining a short-term memory trace of the sensory features required to perform a pain-discrimination task. Finally, the absence, in our study, of any trend toward memory-related activation within the ACC, an area previously suggested to underlie the memory of affect inherent to pain empathy (Singer et al., 2004) , may suggest that the functional separation of sensory and affective aspects of pain perception appears to extend to the memory of pain as well.
